After our first discovery of the multi-band superconductivity (SC) in TlNi2Se2 crystal, we grew successfully a series of TlNi2Se2−xSx (0.0 ≤ x ≤2.0) single crystals. The measurements of resistivity, specific heat and susceptibility were carried out for them. Superconductivity with TC=2.3K was first observed in TlNi2S2 crystal, which also appears to involve heavy electrons with an effective mass m * =13∼25 m b , as inferred from the normal state electronic specific heat and the upper critical field, HC2(T ). It was found that the TC value in the TlNi2Se2−xSx crystals changes with the disorder degree induced by the partial substitution of S for Se with the same valence, which can be characterized by the residual resistivity ratio (RRR). Thus, TlNi2Se2−xSx system provides a platform to study the effect of disorder on the multi-band superconductivity.
The layered compounds with ThCr 2 Si 2 -type structure (space group I4/mmm) exhibit versatile physical properties, including antiferromagnetic (AFM) ground state in BaFe 2 As 2 , [1] ferromagnetic (FM) ordering in (K,Rb)Co 2 Se 2 , [2] Fe-based superconductivity (SC) with T C =30-50K in both (Ba,K)Fe 2 As 2 [3] and (Tl,K,Rb)Fe x Se 2 [4, 5] systems, as well as the heavy fermion SC in CeCu 2 Si 2 . [6] Especially, SC emerges in both the Ni-pnictide compounds, such as BaNi 2 As 2 (T C = 0.7K), [7] SrNi 2 P 2 (T C = 1.4K), [8] in which the electron effective mass is not enhanced so much, and the Ni-chalcogenide compounds, such as KNi 2 Se 2 (T C = 0.8K), [9] KNi 2 S 2 (T C = 0.46K) [10] and TlNi 2 Se 2 (T C = 3.7K), [11] in which SC appears to involve heavy electrons with an effective mass m * =14-20 m 0 . Due to Ni ions in the Ni-chalcogenide compounds having a mixed valence Ni 1.5+ , it was suggested that the formation of a heavy-fermion state at low temperatures is driven by the hybridization of localized charges with conduction electrons, the coherent state competes with a chargefluctuating state. It rises a question whether the SC close to a charge-fluctuation state in this system is unconventional or conventional. [12] . No superconductivity in TlNi 2 S 2 was observed in the previous report. [13] After our discovery of a multi-band SC in TlNi 2 Se 2 crystal, then, we grew successfully a series of TlNi 2 Se 2−x S x (0.0 ≤ x ≤2.0) single crystals and checked their structure and physical properties. SC with T C =2.3 K has been observed in TlNi 2 S 2 , and appears also to involve heavy electrons with an effective mass m * =13∼25 m e , although its T C is a little lower than that in TlNi 2 Se 2 (T C =3.7 K). Another, it was found that the T C value and the superconducting volume fraction in the TlNi 2 Se 2−x S x crystals is related to the disorder, characterized by the residual resistivity ratio (RRR), which is induced by the partial substitution of S for Se with the same valence. TlNi 2 Se 2−x S x system provides an example to study the effect of disorder on the multi-band superconductivity.
Single crystals of TlNi 2 Se 2−x S x (0.0 ≤ x ≤2.0) were grown using a self-flux method. A mixture with ratio of Tl:NiSe:NiS = 1:(2-x):x was placed in an alumina crucible, sealed in an evacuated quartz tube. The mixture was heated at 950 o C for 12h, then slowly cooled to 650 o C at a rate of 6 o C/h, followed by furnace cooling. Single crystals with a typical dimension of 2×2×0.2 mm 3 were mechanically isolated from the flux, as shown in the left of Fig.1 for TlNi 2 S 2 single crystal. The structure of single crystals was characterized by the X-ray diffraction (XRD). Figure 1 show the the XRD pattern at room temperature for TlNi 2 Se 2−x S x (x=0.0, 1.0 and 2.0) powder obtained by grinding pieces of crystals, other crystals have a similar XRD pattern (does not show here), which confirm that all the crystals of TlNi 2 Se 2−x S x (0.0 ≤ x ≤ 2.0) have the ThCr 2 Si 2 -type structure. With increasing of the S content, x, the lattice parameters, a and c values decrease monotonously, as shown in the right inset of Fig.1 , which is consistent with that the ionic radius of S −2 (1.84 pm) is smaller than that of Se −2 (1.91 pm), indicating that S −2 can uniformly substitute for Se −2 in TlNi 2 Se 2−x S x system. The lattice parameters a = 3.87Å, c = 13.43Å for TlNi 2 Se 2 , and a = 3.79Å, c = 12.77Å for the other end member TlNi 2 S 2 and for other TlNi 2 Se 2−x S x compounds (see the right inset of Fig.1 ) were obtained by the fitting for their XRD data. The measurements of electrical resistivity, and specific heat were carried out using the Quantum Design PPMS-9. The dc magnetic susceptibility measurements were done using Quantum Design MPMS-SQUID.
The physical properties of TlNi 2 S 2 are summarized in Fig. 2 . Both ρ ab and ρ c vs T curves, shown in Fig. 2 (a) and inset (i), display a metallic behavior in the normal state before dropping abruptly to zero when superconductivity occurs at T C =2.3 K, which is also confirmed by a large diamagnetic signal [see the inset (ii) of Fig. 2 ] and a specific heat jump at T C as shown in Fig. 2(c) . At first, we discuss the resistivity in the normal state. ρ ab and ρ c at 300K is of 68 and 92 µΩcm, respectively, and ρ c /ρ ab = 1.35, indicating that the anisotropy in TlNi 2 S 2 is rather small, although the compound has a layer structure. In the normal state, no abnormal behavior related to structural or magnetic transition is observed in the resistivity curves, as it usually happens in the iron-based superconductors, and the other iso-structural compounds, such as BaNi 2 As 2 and SrNi 2 P 2 . The temperature dependence of magnetic susceptibility, χ (T), in the normal state was measured at 1T field, as shown in Fig. 2(b) . At higher temperatures, χ (T) shows almost temperatureindependent Pauli paramagnetic behavior. At lower temperatures, an obvious Curie tail occurs, which may likely come from the magnetic impurity. The fit by Curie-Weiss law below 100K yields a temperature independent contribution χ 0 =5.3×10 −4 emu/mol and Curie constant C = 0.0063, corresponding to 0.63 mol% of an S = 1 impurity (e.g., Ni 2+ ). indicating the absence of localized magnetism in TlNi 2 S 2 crystal, similar to that in TlNi 2 Se 2 . (not shown here) shows nonlinear behavior at low temperatures, so we fitted the data using a polynomial expansion C/T = γ N + βT 2 + δT 4 below 6K. γ N = 30.57 mJ/mol·K 2 , and β = 1.14 mJ/mol·K 4 were obtained, corresponding to a Debye temperature Θ = 197K. The value of normal state electronic specific heat coefficient γ N is smaller than that of TlNi 2 Se 2 (∼40mJ/mol·K 2 ) and KNi 2 Se 2 (∼44mJ/mol·K 2 ) superconductors.
However, it is still much larger than that of LaO 1−x F x NiAs (∼7.3mJ/mol·K 2 ) and BaNi 2 As 2 (∼12.3mJ/mol·K 2 ). Assuming 1.5 carriers/Ni and a spherical fermi surface, it yields m * ∼ 13m b . The zerofield electronic specific heat in the superconducting state, C es , was obtained by subtracting the phonon contribution estimated by the C(T) measured at 1 T. The inset (iii) in Fig.2 shows the temperature dependence of C es /γ N T, the specific heat jump at T C , ∆C/γ N T c = 1.55, which is slightly larger than the weak-coupling BCS The effect of S substitution for Se on superconductivity were systematically studied for TlNi 2 Se 2−x S x system, as summarized in Fig. 3 . The temperature dependence of resistivity, i.e. both ρ ab (T) and ρ c (T), for all TlNi 2 Se 2−x S x single crystal exhibit a metallic behavior in the normal state. Figure 3(a) shows the ρ ab (T) curves for three typical crystals x = 0.0, 1.0 and 2.0 crystals. It was found that the resistivity for the x=1.0 crystal in the whole measurement temperature range is higher than that for the both x =0.0 and 2.0 pure crystal, likely due to the disorder induced by the partial substitution of S for Se. From the Fig.3(b) , which shows ρ ab (T) near the superconducting transition for x =0.0, 0.2, 0.4, 1.0, 1.6 and 2.0 crystals, and Fig. 3(c) , which shows χ(T) near the superconducting transition for them, it can be seen that the T C value and the superconducting volume fraction change nonmonotonic with the S content x value, but seems to relate to the disorder induced by the partial substitution of S for Se.
As we know, in TlNi 2 Se 2−x S x system, the partial substitution of S for Se with the same valance doesn't introduce additional electrons or holes. From the structural point view, the partial substitution of S for Se is equivalent to apply a hydrostatic pressure. Usually, it has a prominent effect on the superconductivity. So the non-monotonic change of T c with the S content x is somehow beyond our expectation. To understand the S substitution effect on the SC, we reexamined the resistivity for all TlNi 2 Se 2−x S x (0.0≤ x ≤ 2.0) crystals. For the undoped sample TlNi 2 Se 2 , the residual resistivity ratio (RRR), i.e. ρ 300K /ρ 4K , which usually can characterize the disorder degree in the crystal, is estimated to be about 100. For the doped samples, although the value of resistivity at room temperature (300K) changes slightly with the S content x, the value of resistivity at low temperatures is about one order magnitude larger than that of TlNi 2 Se 2 . Especially for TlNi 2 SeS, where half Se sites are replaced by S, its ρ ab (T) exhibits a more localized behavior in the normal state with the smallest RRR value (∼4.1), and its T C is also the lowest one, in which the disorder degree is the highest one. Figure 4 show the S content x dependence of both T C values, determined by both resistivity and susceptibility measurements, and the RRR value, determined by the ρ ab (T) measurements, for TlNi 2 Se 2−x S x system. The fact of the T C value and the superconducting volume fraction changing with the disorder degree in this system provides a platform to study the disorder effect on superconductivity.
In summary, based on our discovery of the multi-band SC in TlNi 2 Se 2 crystal, we grew successfully a series of TlNi 2 Se 2−x S x (0.0 ≤ x ≤2.0) single crystals. It found that SC involving heavy electrons with an effective mass m * =13∼25 m b also emerges in TlNi 2 S 2 compound. We also found that the T C value and the superconducting volume fraction in the TlNi 2 Se 2−x S x crystals relates to the disorder induced by the partial substitution of S for Se with the same valence, which can be characterized by the residual resistivity ratio (RRR). Thus, TlNi 2 Se 2−x S x system provides an example to study the effect of disorder on the multi-band superconductivity. 
